SUMMARY This study was designed to compare the resting and exercise hemodynamics of older adults with moderate hypertension with those of age-matched normotensive controls. Thirty-one hypertensive (20 men, 11 women; mean age, 63.9 ± 2.8 years) and 28 normotensive subjects (15 men, 13 women; mean age, 62.6 ± 2 . 4 years) were studied. There were no differences between the groups in terms of body weight, body composition, and maximal O 2 consumption (VoJ. At rest, there were no differences in VOi, cardiac output, stroke volume, or heart rate between the two groups, although systolic (158 ± 13 vs 121 ± 12 mm Hg) and diastotic blood pressures (94 ± 7 vs 79 ± 8 mm Hg) were higher in the hypertensive subjects. The hypertensive subjects' elevated blood pressure at rest was the result of a higher total peripheral resistance. During exercise, the hypertensive subjects had a lower cardiac output and stroke volume, no difference in heart rate and Vo 2 , higher systolic, diastolk, and mean blood pressures, and a higher total peripheral resistance compared with their normotensive peers 
T HE hemodynamics of essential hypertension vary depending on the age of the subject and the stage of the hypertensive disorder. 1 In middle-aged adults with moderate essential hypertension, the dominant hemodynamic disturbance at rest is an increase in total peripheral resistance while cardiac output is unchanged or slightly reduced. 1 -8 During upright exercise in adults with essential hypertension, the increased total peripheral resistance persists when compared with that in normotensive subjects, although total peripheral resistance decreases in both groups with increases in exercise intensity. 1 2 5 9 . 1 0 Cardiac output during exercise at the same absolute oxygen consumption (V02) is similar 911 or slightly lower 2 5 1 0 in young and middle-aged hypertensive subjects as compared with that in normotensive subjects.
The resting hemodynamics in older adults with moderate hypertension are similar to those of middleaged adults with moderate hypertension (i.e., an increased total peripheral resistance with similar or slightly lower cardiac output as compared with that in age-matched normotensive subjects). 2 -7 However, to our knowledge, the hemodynamic profile of persons older than 60 years of age with essential hypertension during upright exercise has not been characterized. This information is important because recent data indicate that older normotensive persons show cardiovascular adaptations to exercise training that are similar to those of young persons, 12 and exercise training is generally believed to be beneficial in lowering the blood pressure of younger hypertensive persons. 13 If exercise training is to be prescribed for older hypertensive persons, it is imperative to elucidate their hemodynamic responses to exercise. Therefore, the purpose of this investigation was to compare the resting and exercise hemodynamics of healthy hypertensive and normotensive subjects 60 to 70 years of age.
480
HYPERTENSION VOL 12, No 5, NOVEMBER 1988 blood pressure (15 men, 13 women) between 60 and 70 years of age participated in the study. Each participant gave informed consent to participate in the study after the protocol and risks of the study were described. The study had previously been approved by the Washington University School of Medicine Human Subjects Committee. The hypertensive subjects were studied before beginning an exercise training program. The normotensive subjects either had been studied previously prior to another exercise training study 12 or were being studied before their participation in a research protocol to assess the effects of prolonged exercise training in the elderly.
Most hypertensive subjects were not taking any antihypertensive medication; those who were being treated with antihypertensive drugs discontinued them at least 1 week before the screening tests. No medications were taken for a minimum of 4 weeks before resting and exercise hemodynamic variables were measured.
The subjects first underwent a physical examination, resting electrocardiogram, chest roentgenogram, graded exercise test, 14 -15 and complete blood chemistry studies and urinalysis. Subjects were excluded if their exercise test was discontinued for any symptoms other than fatigue or if they had ST segment depression of 0.2 mV or more during exercise. Subjects with abnormal chest roentgenogram, blood chemistry, or urinalysis results also were excluded. The hypertensive subjects then underwent a month of weekly blood pressure measurements. During each visit three • auscultatory blood pressure measurements were made using the appropriate cuff size while the subject was seated comfortably and the arm supported at the level of the heart. During the initial visit, blood pressure was measured in both arms; during subsequent visits, blood pressure was measured in the arm that had the highest average pressure during the initial visit. An average blood pressure in excess of 145/85 mm Hg during this month was required for inclusion in the hypertensive group. The blood pressures of the normotensive group were obtained while subjects were seated during the measurement of cardiac output or prior to the exercise test.
Determination of Maxima] Oxygen Consumption
Maximal V02 (Vo^max) was measured in all subjects. For the normotensive subjects, V^max was measured during a second progressive treadmill test in which the treadmill speed was kept constant and the grade was increased every 2 minutes until the subject was unable to continue. 16 For the hypertensive subjects, Vc^max was measured during the initial graded exercise test. During each of the last 4 to 5 minutes of exercise, the subject's expired gases were collected in meteorological balloons. The O 2 and CO 2 content of the collected volumes was analyzed with a respiratory mass spectrometer (Model MGA 1100, Perkin-Elmer, Pomona, CA, USA). Expired gas volumes were determined using a chain-compensated Tissot spirometer. A levelingoff of V02, a respiratory exchange ratio in excess of 1.10, and a heart rate approximating the subject's age-predicted maximum were used to establish whether Vo^max had been attained. Heart rate was measured by electrocardiogram during each minute of exercise and during the recovery period.
Determination of Cardiac Output
Noninvasive CO 2 rebreathing techniques were used to measure cardiac output at rest and during steady state submaximal exercise. 13 -17~19 These techniques have been modified in our laboratory for computer analysis.
1519 CO 2 production and endtidal partial pressure of CO 2 (PcoJ were measured during the minute preceding each rebreathing maneuver. End-tidal Pco? was used to estimate arterial Pcc^. 20 No correction was made for changes in hemoglobin or hematocrit during exercise since Sannerstedt 10 has reported that hematocrits in hypertensive and normotensive subjects increase to the same degree during submaximal exercise at intensities comparable to those used in the present study. 10 Blood pressure and heart rate were also measured during the minute preceding each rebreathing maneuver.
Resting hemodynamics were measured in all hypertensive subjects and in 12 of the normotensive subjects. Resting cardiac output was measured in triplicate while the subject sat quietly for 15 minutes in a quiet laboratory. Mixed venous Pco 2 was estimated using the CO 2 rebreathing technique of Collier. 17 To ensure that a valid CO 2 equilibrium had been attained during rebreathing, the equilibrium had to start within the first 15 seconds of rebreathing and the maximal PCO2 variation could not exceed 1 mm Hg during at least a 5-second period.
Cardiac output was measured during exercise in all subjects at work rates selected to elicit approximately 50, 60, and 70% of V^max. Exercise at each work rate lasted 11 minutes, during which cardiac output was determined in triplicate. Mixed venous P c^ was estimated from the exponential rise in end-tidal PcOj during rebreathing. 18 Stroke volume was calculated by dividing cardiac output by heart rate, and the arteriovenous O 2 difference by dividing VOj by cardiac output. Mean blood pressure was estimated by adding one third of the pulse pressure to the diastolic pressure. Total peripheral resistance (expressed as dyn • sec • cm" 5 ) was calculated by dividing mean blood pressure by cardiac output.
Determination of Body Composition
Body composition was estimated from the sum of six skinfold thicknesses for both men and women. Percent body fat was calculated for men from the equation of Yuhasz 21 ; the BehnkeWilmore 22 equation for calculating percent body fat was used for the women.
Statistics
All data are expressed as means ± SD. Differences between groups were analyzed using independent / tests. Differences between men and women within each group were analyzed using a two-way analysis of variance. A probability of less than 5% was considered significant.
Results

Physical Characteristics
The normotensive and hypertensive groups were similar in age. There were also no significant differences for the men or women between the normotensive and hypertensive groups for weight or body composition, although in both groups the men were heavier and had less body fat than the women. The hypertensive women were slightly shorter than the normotensive women (Tables 1 and 2 ).
Maximal Exercise Responses
Men and women in both groups had virtually identical Vo^max, maximal heart rate, and maximal ventilation values. Hypertensive women had a lower maximal respiratory exchange ratio than the normotensive women (see Tables 1 and 2 ).
Resting Hemodynamics
Since there were no significant differences in blood pressure or hemodynamics at rest or during exercise between the men and women in the normotensive or hypertensive groups, the data from both sexes were pooled within each group. The blood pressure of the hypertensive group averaged 158 ± 13/94 ± 7, while it averaged 121 ± 12/79 ± 8 mm Hg in the normotensive group. At rest, no differences in Vo^, cardiac output, stroke volume, or heart rate were found between the normotensive and hypertensive groups. However, since mean blood pressure was higher in the hypertensive subjects, total peripheral resistance was greater than that of the normotensive subjects (Table 3) . Values are means ± SD. See Table 1 for key to abbreviations. *p < 0.05, tp < 0.01, compared with values for the normotensive group.
Exercise Hemodynamics
VOj was the same for both groups at the three exercise intensities; however, cardiac output was significantly lower and the arteriovenous O 2 difference was higher at all relative work rates in the hypertensive than in the normotensive subjects. The lower cardiac output of the hypertensive subjects during exercise was the result of a lower stroke volume, as heart rate did not differ between the two groups at any of the exercise intensities. Systolic, diastolic, and mean blood pressures were higher in the hypertensive subjects at all three exercise intensities. Total peripheral resistance decreased progressively from rest during exercise at 50, 60, and 70% Vc^max in both groups. However, peripheral resistance was significantly higher in the hypertensive subjects at all work rates as compared with the normotensive group (Table 4) . Values are means ± SD. There were 31 subjects in the hypertensive group; sample size for the normotensive group is 27, 27, and 25, at 50, 60, and 70% of Vo^max, respectively. The actual work rates equaled 51, 59, and 69% of Vo^max at the work rates designated 50, 60, and 70% of Vo^max, respectively. V02 = O 2 consumption; Vo^max = maximal Vo^. *p < 0.05, tp < 0.01, compared with values for the normotensive group.
Discussion
Despite the well-known relationship between body fat and hypertension 23 and the proposed inverse relationship between physical fitness and hypertension, 19 -2 * our older hypertensive subjects did not differ in terms of body fat or fitness from the normotensive subjects of the same age. The similarity between the two groups increases the power of the hemodynamic comparisons between them and suggests that any differences are the result of hypertension rather than differences in body composition or physical conditioning. This similarity also indicates that factors beyond a relative lack of fitness and excess body fat must underlie the increased blood pressures of our hypertensive subjects.
Our results suggest that the elevated blood pressure at rest in older hypertensive subjects is due to an increase in total peripheral resistance, since cardiac output was virtually identical in the two groups. These results confirm previous studies that found that hypertensive persons generally have elevated peripheral resistance and normal cardiac output as compared with normotensive persons in different age groups.
2 -4 -9 -" In previous studies that assessed the exercise hemodynamics of essential hypertensive subjects, the oldest populations that have been compared with age-matched normotensive subjects have average ages in the range of 50 to 60 years.
2 -4 -3 -9 -" Some of these studies also included subjects who were hospitalized at the time of study 4 -l0 -"; therefore, the well-documented effects of bed rest 23 -26 may have confounded the results. The majority of these studies found that middle-aged and younger hypertensive subjects have an elevated total peripheral resistance that persists during increasing intensities of exercise. We and others 27 -M have shown that older normotensive subjects also have higher levels of total peripheral resistance during exercise as compared with younger subjects. Thus, the question arises as to whether the effects of age and hypertension are additive during exercise and result in marked elevations in peripheral resistance in older persons with essential hypertension.
In the present study the older hypertensive subjects did have a higher total peripheral resistance during exercise. However, their blood pressure did not rise dramatically during exercise because their cardiac output at any comparable level of exercise was lower than that of the normotensive controls. These results agree with those published previously concerning younger persons with essential hypertension: They have elevated levels of total peripheral resistance, but their blood pressures during exercise are not as high as expected because of a somewhat lower cardiac output.
2 -3 - 10 The present data indicate that the lower cardiac output in hypertensive subjects during submaximal exercise is a result of a lower stroke volume, since heart rates were not different in the two groups during exercise. The direct mechanism underlying the lower stroke volume of the hypertensive subjects during submaximal exercise is unknown. The hypertensive subjects may have a suboptimal left ventricular filling rate due to left ventricular hypertrophy, 29 which could reduce preload and, hence, stroke volume. The hypertensive subjects may also have a reduction in contractility due to depressed left ventricular systolic function. 30 Finally, their stroke volume may be reduced due to a higher afterload as a result of the decreased arterial compliance often present in hypertensive subjects 31 and increased total peripheral resistance. Further studies are necessary to determine the direct mechanism or mechanisms underlying the lower stroke volume evident during exercise in these older hypertensive subjects.
Although the hypertensive subjects had higher levels of total peripheral resistance during submaximal exercise than the normotensive controls, they actually elicited greater absolute reductions during exercise from values at rest. Their reductions during exercise were 239 dyn • sec • cm" 5 greater than those of the normotensive subjects, which amounts to 11 to 14% of the total peripheral resistance of both groups at rest. When the reduction in total peripheral resistance during exercise is expressed relative to the subject's total peripheral resistance at rest, the two groups had the same responses. The relative reductions in peripheral resistance from rest were 53 and 55, 56 and 59, and 60 and 60% for the hypertensive and normotensive groups at 50, 60, and 70% of VOjinax, respectively; none of these differences were statistically significant. Thus, although these older hypertensive subjects have higher peripheral resistances at rest and during exercise, they appear to have the same relative capacity as the older normotensive subjects to vasodilate their peripheral vasculature during exercise.
V02 during submaximal exercise was the same in the two groups, despite the 10% lower cardiac output in the hypertensive subjects. This finding is not surprising since VO2 during exercise is determined primarily by the rate of adenosine 5'-triphosphate breakdown in muscle, which in turn is determined by the external work rate and biomechanical efficiency. Since there is little reason to expect that hypertensive subjects differ in biomechanical efficiency from age-matched normotensive subjects, the VO2 of the two groups should be the same at any work rate. It is possible for the hypertensive subjects to have the same Vo^ as the normotensive subjects at these submaximal work rates in spite of their lower cardiac output because they can widen their arteriovenous O 2 difference, thus extracting more O 2 from each unit of blood circulated through their systemic vasculature. This hemodynamic response is also evident during exercise under short-term /3-blockade; cardiac output is decreased, but VO2 is maintained by a widening of the arteriovenous O 2 difference (see Reference 32) . If the arteriovenous O 2 difference had already been maximal, it would not have been possible to increase it further, and any decrease in cardiac output would have resulted in a concomitant decrease in Vc^.
In conclusion,' men and women aged 60 to 70 years with essential hypertension have a higher blood pressure at rest because of a higher peripheral resistance than age-matched normotensive subjects. During submaximal exercise, the hypertensive subjects had an elevated blood pressure despite a significantly lower cardiac output and stroke volume, again because of their elevated peripheral resistance. However, the hypertensive subjects decreased their peripheral resistance during exercise to the same relative degree as their normotensive peers. Thus, these older hypertensive subjects did not appear to be undergoing an excessive myocardial demand during submaximal exercise of the intensity usually prescribed in rehabilitation programs. Therefore, it appears that hypertensive persons can take part in such exercise programs without markedly increasing their cardiovascular risk above that of normotensive persons of the same age.
